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Abstract
An experimental study has been performed to investigate the ignition delay of
a modern heavy-duty common-rail diesel engine run with fumigated ethanol
substitutions up to 40% on an energy basis. The ignition delay was deter-
mined through the use of statistical modelling in a Bayesian framework—this
framework allows for the accurate determination of the start of combustion
from single consecutive cycles and does not require any differentiation of the
in-cylinder pressure signal. At full load the ignition delay has been shown
to decrease with increasing ethanol substitutions and evidence of combustion
with high ethanol substitutions prior to diesel injection have also been shown
experimentally and by modelling. Whereas, at half load increasing ethanol
substitutions have increased the ignition delay. A threshold absolute air to
fuel ratio (mole basis) of above ∼110 for consistent operation has been de-
termined from the inter-cycle variability of the ignition delay, a result that
agrees well with previous research of other in-cylinder parameters and fur-
ther highlights the correlation between the air to fuel ratio and inter-cycle
variability.
Numerical modelling to investigate the sensitivity of ethanol combustion
has also been performed. It has been shown that ethanol combustion is
sensitive to the initial air temperature around the feasible operating con-
ditions of the engine. Moreover, a negative temperature coefficient region
of approximately 900–1050 K (the approximate temperature at fuel injec-
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tion) has been shown with for n-heptane and n-heptane/ethanol blends in
the numerical modelling. A consequence of this is that the dominate effect
influencing the ignition delay under increasing ethanol substitutions may
rather be from an increase in chemical reactions and not from in-cylinder
temperature. Further investigation revealed that the chemical reactions at
low ethanol substitutions are different compared to the high (> 20%) ethanol
substitutions.
Keywords: Ignition delay, Ethanol Fumigation, Bayesian Modelling,
Markov-chain Monte Carlo
1. Terminology and Abbreviations
DXXXEYYY DXXXEYYY represents the
nominal XXX% of diesel fuel by
energy and the nominal YYY%
substitution of ethanol by energy
Neat diesel Neat diesel refers to the case
where the engine is run on diesel
fuel only, no ethanol substitution
EMS Engine management system
Kernel density
estimate
An estimation of the probability
density function
TDC Top dead centre (0 and 360 crank-
angle degrees)
COV Coefficient of Variation – stan-
dard deviation normalised by the
mean
2. Introduction
In the mid-term to mitigate fossil fuel usage in diesel engines, the dual-
fuel approach, particularly with ethanol, has been of research interest for
decades [1–9]. This research area exists because of the serious need to move
toward more sustainable fuels [10–13]. However, in the current literature
there is very little experimental published research on dual-fuel operation of
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heavy-duty common-rail diesel engines, such as would be found in common
practical applications [14].
Sahin et al. [15] have shown that the introduction of up to 8% fumigated
ethanol (by vol.) has a negligible effect on the in-cylinder pressure parame-
ters, as compared to neat diesel fuel. They have shown that increasing the
ethanol above this percentage causes significant changes to the heat release
diagram. In their setup, increasing substitutions of ethanol cause the heat
release diagram to have more pre-mixed combustion, shown by an increas-
ing peak slightly before top dead centre (TDC). A significant change in the
heat released was also shown by Sarjovaara et al. [16] At half fuel delivery
rate, Sahin et al. [15] showed that ethanol fumigation did not significantly
improve the performance enough to warrant the additional running costs.
An improvement in NOx emission was shown for all loads using fumigated
ethanol. Improved NOx in dual-fuel engines, using ethanol, is well supported
by the current literature [4, 8, 15, 17, 18].
Ignition delay is an important parameter in alternative fuel studies owing
to its correlation to emission [5, 8, 19]. At constant injection timing, an
increase in ignition delay is an indicator of a lower temperature throughout
the cycle, causing a reduced CO oxidation reaction rate [8]. Moreover, a
longer ignition delay can aid mixing prior to combustion, improving NOx and
smoke emission [19]. Whilst some studies have highlighted the importance
of investigating ignition delay, there has been limited investigation on the
inter-cycle variability of ignition delay, with the notable exception of the
engine research group at the National Technical University of Athens [20, 22],
and limited investigation into new techniques to improve the accuracy of its
calculation [23].
The engine research group at the National Technical University of Athens
have investigated numerous alternative fuels, including: methane, methanol
and dodecane [24] and ethanol [20]. They have also investigated using sup-
plementary diesel and gasoline as a fumigated fuel [27, 28]. However, this
work was all performed on a low power naturally aspirated single-cylinder
engine (in their investigation high load corresponds to a brake mean effec-
tive pressure (BMEP) of 5.37 bar). It should be noted that alternative fuel
research at the National Technical University of Athens has not been limited
to the single-cylinder engine, but has also been performed on a heavy-duty,
turbo-charged, direct injection six-cylinder engine [29].
Modern common-rail engines tend to have later injection than their pre-
decessors. Subsequently, this later injection has an effect on the performance
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and emission output of the engine. In dual-fuel operation with ethanol late
injection has a significant effect on the inter-cycle variability [14]. The current
literature, which is focused on pump-line-nozzle injection systems, suggests
that fumigated ethanol causes longer ignition delays owing to the higher
specific heat capacity of ethanol, when compared to the air charge without
ethanol [14]. The so-called ‘cooling effect’ of ethanol. Moreover, the sig-
nificantly higher injection pressure, with common-rail engines, enhances the
atomisation and fuel penetration [30]; hence, higher injection pressures cause
more homogeneous combustion and reduced ignition delay times.
Rothamer and Murphy [31] compared the six commonly used in-cylinder
pressure methods of determining ignition delay in a recent study. The six
methods compared were:
1. location of 50% of pressure rise due to premixed burn combustion;
2. extrapolation of the peak slope of pressure rise due to combustion to
the zero crossing point;
3. location of the first peak of the second derivative of the pressure signal;
4. location of the first peak of the third derivative of the pressure signal;
5. location of 10% of the maximum heat release rate in the premixed burn;
and,
6. a repeat of (5) using a low-pass (threshold 2000 Hz) filtered in-cylinder
pressure signal.
All of the methods tested by Rothamer and Murphy [31] required differen-
tiation, which has the effect of decreasing the signal-to-noise ratio. Of note
in this study is that the methods which showed the greatest reliability were
also the ones that required the least amount of differentiation. The method
employed in this paper [23] requires no differentiation and therefore does not
suffer from the effects of the decreased signal-to-noise ratio.
Rodriguez et al. [32] found that the inter-cycle variation in ignition delay
of their engine, run with biodiesels derived from palm oil and rapeseed oil,
was as great as 2.2%. However, the representative values reported in their
work were based on the analysis of the average of 50 consecutive in-cylinder
pressure cycles. This value is similar to that reported by Assanis et al.
[33], who found an inter-cycle variation of 2%. Rodriguez et al. also argue
that in-cylinder pressure analysis for the determination of ignition delay is
preferable to other methods, particularly those utilising luminosity detectors,
as in-cylinder pressure changes are often detectable prior to other indicators
of combustion [32, 34].
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A promising method for determining the start of combustion is with the
use of vibration or acoustic emission signals [35–37]. Even in constant vol-
ume bombs there is good agreement between the sudden increase in pressure
and the mechanical vibration [38]. The technique for determining the start
of combustion with a vibration signal is to simply identify the sharp onset
of the mechanical vibration. In a practical application, the use of an ac-
celerometer is a cheap alternative to the more expensive in-cylinder pressure
transducer. However, the engine setup under investigation in this current
work has an in-cylinder pressure transducer, details in Section 3; therefore,
the use of vibration signals has not been explored. Carlucci et al. [37] have
explained that the high-pass filtered in-cylinder pressure signal is analogous
to the vibration signal—the start of combustion results shown in this work
are determined through the use of high-pass filtered in-cylinder pressure sig-
nals and are therefore assumed to match those that could have been obtained
with vibration signals.
Recent work by Bodisco et al. [14, 23] has shown the use of high-pass
filtered in-cylinder pressure signals as a means for determining the start of
combustion in a heavy-duty diesel engine. The current work will explore
the statistical modelling technique employed in Ref. [23] to investigate the
inter-cycle variability of the start of combustion, and hence ignition delay, in a
heavy-duty Cummins common-rail multi-cylinder diesel engine operated with
fumigated ethanol up to 40% by energy. In the earlier work [14], it was shown
that at high ethanol substitutions and high loads, hence at high in-cylinder
temperatures, that the fumigated ethanol undergoes auto-ignition and can
reduce ignition delay. However, that study was limited to 200 consecutive
cycles owing to the analysis tool used.
The conclusion to the ignition delay study in the full load portion of Ref.
[14] was left uncertain. Shown was that the nominal ignition delay for the
40% ethanol substitution was longer than that of the 30% substitution—
going against the trend showing a decrease in ignition delay with increasing
ethanol substitutions. However, it was not known if this result was true
or an artifact of the low number of cycles analysed. The limited number of
analysed cycles also prohibited an investigation into the relationship between
the inter-cycle variability and the air to fuel ratio. Moreover, although it was
suspected, it was not conclusively shown if auto-ignition occurred prior to
diesel injection at the high ethanol substitutions.
This paper will explore the same data set as Ref. [14] using the statistical
techniques introduced in Ref. [23] to further investigate the ignition delay
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in an ethanol fumigated common-rail diesel engine to validate the results
available in Ref. [14]. In this study the diesel fuel injection timing will be
determined by sampling the electronic fuel injection signal and then correct-
ing for injector lag [23]. Injector lag is the time period between the injector
being excited and the actual fuel injection. Numerical modelling will also
be employed to investigate the sensitivity of auto-ignition in ethanol-only
combustion to the initial air temperature. As an extension, the sensitiv-
ity to auto-ignition of n-heptane and n-heptane/blends at various injection
temperatures will also be investigated.
3. Experimental Configuration
Experiments were conducted on a modern turbo-charged, 5.9 `, inline
6-cylinder Cummins diesel engine (ISBe220 31) with common rail injection
at the Queensland University of Technology (QUT) Biofuel Engine Research
Facility (BERF). For detailed engine specifications, including relevant results,
refer to corresponding papers [14, 23]. Moreover, the results shown in this
paper are from the same data set described in Ref. [14].
As described in Ref. [14], the data collected was in-cylinder pressure,
band-pass filtered in-cylinder pressure (allowing 4-20 kHz), diesel injection
timing and degrees of crank-angle rotation information. The engine was
run at 2000 rpm on neat automotive diesel and with ethanol fumigation
substitutions of 10%, 20%, 30%, and 40% on an energy basis at full load
(760 Nm) and at three quarters (570 Nm) and half (380 Nm) of full load.
Ethanol fumigation was achieved by directly introducing the ethanol as a
vapour into the air in-take at the inlet manifold after the turbocharger. A
detailed schematic of the ethanol fumigation system, along with a schematic
of the data acquisition system, is available in the corresponding paper by
Bodisco and Brown [14].
4. Ignition Delay
For this work the ignition delay will be defined as the period from the
start of diesel fuel injection until the time that combustion commences [23].
The combustion timing will be determined by resolving the time at which the
combustion chamber resonance begins [14, 23]. In the methodology shown
by Bodisco et al. [23, 39] the band-pass filtered in-cylinder pressure signal,
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example shown in Figure 1, is modelled with a statistical model in a Bayesian
framework. The conceptual model employed in Ref. [23] is:
y = s(t) ∼ N(µ(t), σ)
µ(t) = H(t− δ)A sin
(
2pi
λ
ωt+ φ
)
, (1)
where, the band-pass filtered in-cylinder pressure signal, s(t), is modelled as
a Normal distribution with time varying mean, µ(t), and standard deviation,
σ. The model parameter, δ, acts as a change point, when t is less than
δ, µ is zero and when t is greater than δ, µ is a basic periodic function
with amplitude A, frequency ω and phase shift φ. Therefore, the change
point parameter, δ, defines the start of combustion and resolving this model
parameter allows for the determination of ignition delay. The fraction 2pi
λ
is a constant where λ is the sample-rate in Hz (λ = 200, 000 Hz); hence,
the resolved distribution for ω is also in Hz. For detailed information on the
model parameter priors and model implementation refer to the corresponding
paper by Bodisco et al. [23]. Individual ignition delay results are assumed
to be accurate within 0.2 crank angle degrees.
5. Results
For each of these experiments the data was collected for four minutes
after a suitable period of time had elapsed to ensure data integrity. Engine
stability was determined by monitoring the carbon monoxide output. At
2000 rpm, four minutes of data corresponds to 4000 cycles. Further, in this
study to gain a true perspective of the inter-cycle variability all 4000 cycles
in each data set were analysed consecutively.
Following the convention set out in the corresponding paper [14], the
results here will be grouped by engine load and will be presented beginning
with full load. In-cylinder temperature and pressure are dependent upon
load; therefore, for an investigation focusing on ignition delay it is sensible
to segregate the results by load. Further, ethanol substitutions are done
on a percentage energy basis; for example, a 30% ethanol substitution at
one load is not equivalent to a 30% ethanol substitution at another load—in
this paper the named substitutions are nominal values only, see Table 1. The
results are shown as kernel density estimates to allow for visual representation
of the inter-cycle variability. A kernel density estimate is an estimation of
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the probability density function, therefore the area under the kernel density
estimate is 1.
5.1. Full Load Results
Figure 2 shows the diesel injection timing at full load. The diesel injection
timing shown in Figure 2, and subsequent figures, has been corrected for
injector lag (the injector solenoid activation time) and is therefore assumed
to represent the most plausible actual diesel injection timing [23]. Of note
in this figure is the systematic advance in the diesel injection timing as the
ethanol substitution increases, with a marked advance for the 40% ethanol
substitution case.
Using the statistical model developed by Bodisco et al. [23], Equation 1,
the start of combustion was determined, shown in Figure 3. The only truly
uni-modal distribution is for the neat diesel case, showing a start of combus-
tion consistent at ∼364 crank-angle degrees. At a 10% ethanol substitution,
the distribution is bimodal with modes directly either side of the neat diesel
case, with the most predominate mode showing that combustion generally
occurs slightly later than under the neat diesel case, the two modes are ap-
proximately 0.7 crank-angle degrees apart, less than half a degree each side
of the neat diesel case. Following the trend, at the 20% ethanol substitution
the most predominate combustion timing occurs later than in both the neat
diesel case and the 10% ethanol substitution case. Furthermore, some cycles
show a significant delay in the combustion timing, this decrease is as great
as 2 crank-angle degrees compared to the neat diesel case.
Most interestingly, however, are the results for the 30% and the 40%
ethanol substitutions. At these high substitutions a significant increase in
inter-cycle variability is observed, as is significantly earlier combustion tim-
ing. The 30% ethanol substitution case exhibits the greatest amount of
inter-cycle variability and shows combustion timings both later and earlier
than any other case. In the preceding study, Ref. [14], a similar result was
obtained. It was shown, although with a limited number of cycles, that the
30% ethanol substitution had greater inter-cycle variability and evidence of
combustion timings both later and earlier than the 40% ethanol substitu-
tion case. However, what was not evident was the extent of the inter-cycle
variability at the 30% and 40% ethanol substitutions. Additionally in the
preceding study, all of the 30% and 40% ethanol substitution results exhib-
ited an ignition delay less than the neat diesel and 10% and 20% ethanol
substitution cases.
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The ignition delay, shown in Figure 4, for the neat diesel case and the
10% and 20% ethanol substitutions all exhibit the same predominate mode,
∼5 crank-angle degrees—evidence that at full load low ethanol substitutions
have only a small effect on ignition delay. The levels of inter-cycle variability
shown for the neat diesel case and the 10% and 20% ethanol substitutions
are similar to that reported in Ref. [14]. However, the bimodal features
remain and indicate that combustion occurs earlier in some cycles compared
to others.
In both the 30% and 40% ethanol substitutions there is evidence of com-
bustion prior to diesel injection (denoted as negative ignition delay in Figure
4). The onset of combustion occurs as early as 3 crank-angle degrees be-
fore diesel injection in some cycles. However, in most cycles combustion
occurs after diesel injection, in the 40% ethanol substitution case the most
frequent combustion timing occurs within a crank-angle degree after diesel
injection. The timing for the 30% substitution case is fairly uniform across
-3 to 6 crank-angle degrees from diesel injection. Moreover, the inter-cycle
variability in the 30% and 40% ethanol substitutions are very large when
compared with neat diesel—standard deviations 17.7 and 10.8 times higher,
respectively.
5.2. Three Quarter Load Results
Much the same as the full load diesel injection timing results, shown in
Figure 2, the three quarter load diesel injection timing results, shown in
Figure 5, show a systematic advance in diesel injection timing. However,
in this case the difference between each setting is typically much larger,
approximately a half a crank-angle degree advance in diesel injection timing
per 10% ethanol substitution increase. The most extreme case, 40% ethanol
substitution, has a 1.5 crank-angle degree increase in diesel injection timing.
Figure 6 shows the start of combustion for three quarter load. A sys-
tematic advance in the combustion timing is evident from neat diesel to
the 30% ethanol substitution case. The neat diesel and the 10% and 20%
ethanol substitution cases all have uni-modal distributions and are not show-
ing any significant amount of inter-cycle variability. Whilst the 30% ethanol
substitution is predominately showing later combustion than the neat diesel
case, there are some cycles where the combustion timing is earlier. Also,
the combustion timing distribution for the 30% ethanol substitution is quite
multimodal. Much like the 30% and 40% ethanol substitutions at full load,
shown in Figure 3, the 40% ethanol substitution at three quarter load is
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exhibiting a large amount of inter-cycle variability with combustion timings
ranging from 6 crank-angle degrees earlier to 3 crank-angle degrees later than
the neat diesel case.
Most of the advance in combustion timing from the neat diesel case to the
30% ethanol substitution case is explained by the advancing diesel injection
timing. This is evident by the similar ignition delay, shown in Figure 7, the
predominate mode for all the cases at three quarter load is approximately
5 crank-angle degrees. Combustion is commencing in the 40% ethanol sub-
stitution from as early as 2 degrees before diesel injection and as late as 7
degrees after in a comparatively uniform distribution; however, it is slightly
bi-modal.
5.3. Half Load Results
Similar to the full load results, the diesel injection timing at half load
follows an approximate 0.2 crank-angle degree advance per 10% ethanol sub-
stitution increase, shown in Figure 8. Moreover, throughout all of the tested
load settings the EMS advanced the diesel injection timing as the ethanol
substitutions were increased as a consequence of the reduction in quantity of
diesel fuel injection. At each test setting, at all loads and ethanol substitu-
tions, the diesel injection timing had a range of approximately 0.3 crank-angle
degrees.
Figure 9 shows a systematic advancing of the start of combustion timing
with increasing ethanol substitutions. With the exception of the 40% sub-
stitution case, the most extreme case, this advanced start of combustion can
be explained by the advancing diesel injection timing. The 40% ethanol sub-
stitution case is bimodal with the larger peak occurring significantly later,
approximately two crank angle degrees, than the lower substitutions. This
trend is clearly visible in Figure 10. At half load the effect of the 40% ethanol
substitution is that of the ‘cooling’ effect described in the literature in older
engines [14].
The difference in inter-cycle variability between the ethanol substitution
settings at half load is minimal, except at the 40% substitution case, shown
in Figures 9 and 10. However, at the lower substitutions the inter-cycle
variability at half load is greater than that at higher loads. This is most likely
an artifact of the feedback control of this dynamometer causing instability
at this speed/load point, rather than some underlying phenomena.
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6. Air to Fuel Ratio
The previous work by Bodisco and Brown [14] highlighted the correlation
between inter-cycle variability and the absolute air to fuel ratio on a mole
basis. For the engine described it was shown that the inter-cycle variability
increased with air to fuel ratios less than 110 and significantly increased with
air to fuel ratios less than 80. The parameters of interest in this study were:
maximum rate of pressure rise, peak pressure and indicated mean effective
pressure. The previous work did not investigate the relationship between the
inter-cycle variability of ignition delay and the air to fuel ratio because of
the limited number of cycles analysed.
Figure 11 shows the standard deviation of the ignition delay with respect
to the absolute air to fuel ratio. A similar trend to that shown in Ref.
[14] with maximum rate of pressure rise, peak pressure and indicated mean
effective pressure is evident. At air to fuel ratios less than 110 a significant
increase in inter-cycle variability is present for the full load and three quarter
load cases.
In contrast to the earlier results [14] where the standard deviation was
a better measure of inter-cycle variability, in the case of ignition delay the
coefficient of variation (COV) is shown to give more meaningful results. A
comparison between the results shown in Figures 11 and 12 shows that the
data collapses better using the COV of ignition delay instead of the standard
deviation of ignition delay. This is explained by the opposing trends in
ignition delay at the different loads. At full load the ignition delay decreases
with increasing ethanol substitutions (decreasing air to fuel ratios); whereas,
at half load the ignition delay increases with increasing ethanol substitutions,
shown in Figure 13. Furthermore, using the COV corrects the decrease shown
in Figure 11 at full loads lowest air to fuel ratio. Also at the full load and
three quarter load cases, the COV values are very similar with respect to the
air to fuel ratios, particularly at air to fuel ratios less than 110 where the
engine’s performance is impaired from the increase in ethanol substitution.
It is also worth noting that at air to fuel ratios greater than 110 that all of
the test settings present a similar value for the COV, indicating a minimal
difference in the inter-cycle variability with the introduction of ethanol before
a threshold that is well described by the air to fuel ratio.
Figure 13 also shows that the ignition delay increases as the engine load
decreases. This relationship is primarily a result of a decrease in residual
in-cylinder temperature at the time of fuel injection—at lower loads each
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cycle has less heat release because of a decrease in fuel consumption. The
engine under investigation also has variable rail pressure, at lower loads the
rail pressure is not as high which will result in increased ignition delay times.
The neat diesel case at half load gives a contradicting result—this is true
even with the other in-cylinder parameters explored in Ref. [14].
7. Numerical Modelling
Presented here are the results of numerical modelling to investigate the
sensitivity of ethanol combustion. The numerical simulations are performed
with the in-house program HOMREA (HOMogeneous REActor) [41] which
allows the simulation of systems such as: homogeneous charge compression
ignition (HCCI) engines or rapid compression machines (RCM), taking into
account detailed chemical kinetics. Setting initial conditions, stroke length,
bore, compression ratio, inlet air temperature, pressure, volume and mixture
composition, it is possible to calculate the temporal development of temper-
ature, pressure and the reaction species occurring in the reaction mechanism
[42, 43]. All simulations are based on the primary reference fuel (PRF) mech-
anism from Curran et al. [44]. The mechanism includes more than 1000
species and 10000 reactions. The chosen mechanism also includes next to
the primary reference fuels (iso-octane and n-heptane), toluene and ethanol.
In all simulations, an engine cycle with a homogeneous load is simulated in
which:
• an engine volume curve is set as a temporal constraint;
• initial pressures are set to correspond to the absolute experimental
boost pressure: 195 kPa (half load), 245 kPa (three quarter load) and
272 kPa (full load); and,
• the parameters of the engine used in the experimental study are set as
initial conditions.
Owing to software limitations, phenomena such as heat loss to the walls and
piston blow-by have not been taken into account with this simulation. A
homogenous air-ethanol mixture can be safely assumed because of the long
mixing time as a consequence of injecting the ethanol into the intake manifold
directly after the turbocharger into the intake airflow.
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In a preliminary investigation into ethanol-only combustion, using the
HOMREA software, it was found that a stoichiometric mixture with an ini-
tial pressure of 272 kPa and initial temperature of 47◦C (to match the ex-
perimental conditions at full load) yielded no ignition; however, the software
did show evidence that the ethanol was starting to be consumed in chemi-
cal reactions. Owing to the relatively high octane and low cetane values of
ethanol, ignition can be complicated, or avoided, especially at low inlet air
temperatures.
It was shown in Bodisco and Brown [14], from an experiment that per-
formed ethanol-only combustion, that in a modern diesel engine ethanol was
able to auto-ignite. This was achieved by establishing combustion with a
50% by energy ethanol substitution at full load, 2000 rpm and then shutting
off the diesel supply to cylinder one and monitoring the in-cylinder pres-
sure. However, the indicated work output from that cylinder (at a constant
engine speed of 2000 rpm) progressively dropped off, indicating that there
was potentially a sensitivity to the initial temperature in the combustion
chamber—assuming that all other initial conditions must have remained the
same. To investigate the sensitivity to the initial temperature, the engine
condition has been simulated using a stoichiometric air-ethanol mixture with
increasing initial inlet air temperatures. Inlet air temperatures starting at
320 K were tested at 1 K intervals. Figure 14 shows the results from 391 K to
400 K. It can clearly be seen that there is great sensitivity to the initial inlet
air temperature around the feasible experimental initial conditions. Hence,
Figure 14 validates the claim made that the negative and significantly shorter
ignition delay shown in Ref. [14] and Figures 4 and 7 was likely impart due
to the auto-ignition of ethanol.
A challenge to auto-ignition in a compression ignition engine is the short
time period at high pressure and temperature. If ignition has not occurred
before the in-cylinder volume, and hence the temperature and pressure, de-
crease the chemical reactions may freeze. An ignition delay time of 1 ms,
stoichiometric air-ethanol combustion at 10,000 kPa and 950 K [45], is com-
parable to the time taken from 0◦ to 12◦ crank angle at 2000 rpm in an
engine—a time period that is significantly longer than acceptable for a diesel
engine.
Saisirirat et al. [46] show a negative temperature coefficient (NTC) re-
gion between 630 K and 925 K for n-heptane/ethanol blends in a simulated
HCCI engine. They concluded from this that the chemical reactions have a
greater effect on the ignition delay than the temperature history in HCCI
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combustion. Similar results have been found in this work, showing a NTC
region of approximately 900–1050 K for n-heptane and n-heptane/ethanol
blends using the HOMREA software, shown in Figure 15, using initial con-
ditions representative of the engine under investigation. As a surrogate fuel,
n-heptane is appropriate because it has a similar cetane number to automo-
tive diesel fuel and hence ignition characteristics [47, 48].
In the experiments, the final in-cylinder temperature, after compression,
lies in the NTC region shown with the n-heptane/ethanol blends simulations.
Therefore at the higher loads, the dominate effect influencing the ignition
delay may be that of the increased chemical reactions and not in-cylinder
temperature. In this case the shorter ignition delay times, with the high
substitutions, could be explained by the increased chemical reactions with
ethanol prior to the diesel injection.
Complete reaction mechanisms for hydrocarbons normally consist of thou-
sands of elementary reactions. To determine which reactions have the great-
est influence on combustion two different methods can be used: sensitivity
analysis which identifies the rate limiting reaction steps and reaction flow
analysis which determines the characteristic reaction paths [49].
A sensitivity analysis is conducted to investigate a range of diesel/ethanol
ratios corresponding to that of the full load experimental investigation de-
tailed earlier in the paper. n-heptane is used as a representative of hydro-
carbon diesel and the simulation is run with pure n-heptane and n-heptane
mixed with different ethanol ratios (10%, 20%, 30% and 40% by energy) to
identify the most sensitive reactions and their change with increasing ethanol
ratios. The model proceeds with a homogeneous ethanol/air mixture which
is compressed until TDC, then mixed with n-heptane and the ignition de-
lay time is determined. In the next step, global sensitivity analyses of the
n-heptane/ethanol mixture at a defined time step (10% before auto-ignition
occurs) are made. The result of the sensitivity analyses with respect to the
temperature are recorded (see Figure 16) for all reactions which do not ap-
pear have a negligible sensitivity. The maximum compression temperature
decreases a significant amount with increasing ethanol substitutions, from
930 K (only air, D100E000) to 897 K (D060E040).
Figure 16 clearly shows that Reactions 8 and 9 are the most sensitive.
For low ratios of ethanol, the internal H-abstraction of Hydroperoxy heptyl
[49, 50] in Reaction 8 is predominant. For high ethanol ratios (20% by
energy and more) the OH abstraction of Reaction 9 is the most sensitive one.
Negative sensitivities indicate that the main emphasis is on the reactant side
14
and positive is that it is on the product side.
During the compression phase, ethanol starts to decompose and stable
intermediates such as formaldehyde and acetaldehyde in additional to radi-
cals such as OH or HO2 are formed. In Figure 17 the ethanol concentration
is shown on the left axis and the OH radical on the right axis. The concen-
tration is plotted over the ethanol ratio and represents the value at TDC.
It is apparent that the OH-concentration increases very strong until 20%
ethanol substitution by energy and then decreases again almost as quickly
as it increased.
8. Conclusion
Utilising a new in-cylinder pressure technique to explore ignition delay
[23], this paper has explored the effect of ethanol fumigation on a modern
heavy-duty common-rail diesel engine. The ignition delay was determined
through the use of statistical modelling in a Bayesian framework. This
framework allowed the accurate determination of the start of combustion
from single consecutive cycles and did not require any differentiation of the
in-cylinder pressure signal. This method resolves parameters given in an
empirical statistical model using Markov-chain Monte Carlo. In the model
employed in this work, a change point parameter, denoted as δ, represents
the start of combustion.
Experiments were run at 2000 rpm for four minutes (4000 cycles) with
ethanol substitutions from 0-40% on an energy basis. To ensure meaningful
results, all 4000 cycles were analysed at each engine setting (full, three quar-
ters and half loads). In contrast to the current literature, at full load the
ignition delay decreased with increasing ethanol substitutions and evidence
of combustion with high ethanol substitutions prior to diesel injection was
also shown. Whereas, at half load increasing ethanol substitutions increased
the ignition delay. This has been explained by numerical simulation evidence
that suggests the engine may be reaching a condition that allows HCCI oper-
ation with ethanol and that the ignition delay may have a greater dependence
on the chemical reactions, rather than changes in in-cylinder temperature.
A threshold absolute air to fuel ratio (mole basis) of ∼110 for consistent
operation has been determined from the inter-cycle variability of the ignition
delay. A result that agrees well with previous research [14] of other in-
cylinder parameters. Also shown is the significant increase in ignition delay
15
that occurs at air to fuel ratios less than 80 and the increase in ignition delay
when the combustion environment is too lean.
Numerical modelling was employed to explore the sensitivity of the auto-
ignition of ethanol in a diesel engine. It was shown that auto-ignition was
possible, but that it was sensitive to the inlet air temperature with auto-
ignition not occurring prior to inlet air temperatures of 399 K. However,
the modelling work did show that ethanol was being consumed in chemical
reactions prior to ignition. As a further study, the modelling work explore
n-heptane and n-heptane/ethanol blends across injection temperatures of
800–1200 K. A NTC region was shown to exist from 900–1050 K, indicating
that around this region that chemical reactions may have a greater influence
on ignition delay than changes in temperature.
An investigation into the sensitivity of the combustion chemistry using
numerical modelling showed that under the full load experimental conditions
that the chemical reactions at low ethanol substitutions were different to the
high (> 20% by energy) ethanol substitutions. It was also shown that OH
radical concentration at TDC was the highest at the 20% ethanol substitu-
tion.
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Figure 1: Band-pass filtered pressure signal at 2000 rpm, full load on neat
diesel fuel [23]
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Figure 2: Diesel injection timing, full load
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Figure 3: Start of combustion, full load
4 2 0 2 4 6
Ignition Delay (degrees)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
p
d
f(
Ig
n
it
io
n
 D
e
la
y
)
D100E000
D090E010
D080E020
D070E030
D060E040
Figure 4: Ignition delay, full load
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Figure 5: Diesel injection timing, three quarter load
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Figure 6: Start of combustion, three quarter load
24
2 0 2 4 6
Ignition Delay (degrees)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
p
d
f(
Ig
n
it
io
n
 D
e
la
y
)
D100E000
D090E010
D080E020
D070E030
D060E040
Figure 7: Ignition delay, three quarter load
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Figure 8: Diesel injection timing, half load
25
367 368 369 370
Start of Combustion (degrees)
0.0
0.5
1.0
1.5
2.0
p
d
f(
S
ta
rt
 o
f 
C
o
m
b
u
st
io
n
)
D100E000
D090E010
D080E020
D070E030
D060E040
Figure 9: Start of combustion, half load
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Figure 10: Ignition delay, half load
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Figure 11: Standard Deviation of the Ignition Delay Vs the Air to Fuel Ratio
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Figure 12: Coefficient of Variation of the Ignition Delay Vs the Air to Fuel
Ratio
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Figure 13: Ignition Delay Vs the Air to Fuel Ratio
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Figure 14: Numerical simulation results for increasing inlet air temperatures,
simulating the experimental engine condition for full load, 2000 rpm.
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Figure 15: Ignition delay times with varying initial temperatures showing
the negative temperature coefficient region.
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Figure 16: Sensitivity analyses of the different fuel compositions at a defined
time step before auto-ignition with respect to temperature.
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Figure 17: Ethanol and OH radical concentration at TDC.
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Table 1: Ethanol energy substitutions at each test setting
Load Nominal
ethanol
substitution
Diesel
reduc-
tion
Diesel
energy
Ethanol
energy
Air fuel
ratio
(diesel +
ethanol)
Air fuel
ratio
(diesel +
ethanol)
stoichio-
metric
Air fuel
ratio
(ethanol
only)∗
D100E000% 0% 100% 0% 151.45 84.49 -
D90E010% 10.3% 92.1% 7.9% 114.24 61.26 345.27
Full D080E020% 21.1% 80.0% 20.0% 78.88 43.08 133.74
D070E030% 29.3% 71.3% 28.7% 64.01 35.43 91.61
D060E040% 38.1% 66.1% 33.9% 60.96 32.05 81.62
D050E050%∗∗ 51.4% 51.09% 48.91% 47.11 25.03 55.63
D100E000% 0% 100% 0% 187.81 84.49 -
D090E010% 9.2% 94.0% 6.0% 153.84 65.70 574.68
Three D080E020% 18.1% 81.7% 18.3% 100.306 44.94 178.05
Quarters D070E030% 26.8% 71.1% 28.9% 75.1611 35.26 107.20
D060E040% 36.2% 65.9% 34.1% 68.86 31.90 91.92
D100E000% 0% 100% 0% 221.85 84.49 -
D090E010% 6.8% 93.9% 6.1% 171.29 65.42 630.52
Half D080E020% 15.9% 68.3% 31.7% 108.92 43.36 185.96
D070E030% 26.1% 66.8% 33.2% 76.05 32.41 102.53
D060E040% 32.8% 57.2% 42.8% 60.34 27.51 74.34
∗ Air fuel ratio for stoichiometric ethanol combustion = 14.28
∗∗ Inferred result
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